In eukaryotic cells, most membrane and secretory proteins are modified post-translationally in the ER (endoplasmic reticulum) for correct folding and assembly. Disulfide-bond formation is one of the important modifications affecting folding and is catalysed by the PDI (protein disulfide isomerase) family proteins. ERdj5 [also known as JPDI (J-domain-containing PDI-like protein)] is a member of the PDI family proteins and has been reported to act as a reductase in ERAD (ER-associated degradation). However, the role of ERdj5 at the whole-body level remains unclear. Therefore in the present study we generated ERdj5-knockout mice {the mouse gene of ERdj5 is known as Dnajc10 [DnaJ (Hsp40) homologue, subfamily C, member 10]} and analysed them. Although ERdj5-knockout mice were viable and healthy, the ER stress response was activated in the salivary gland of the knockout mice more than that of control mice. Furthermore, in ERdj5-knockout cells, the expression of exogenous ERdj5 mitigated the ER stress caused by overproduction of α-amylase, which is one of the most abundant proteins in saliva and has five intramolecular disulfide bonds. This effect was dependent on the thioredoxin-like motifs of ERdj5. Thus we suggest that ERdj5 contributes to ER protein quality control in the salivary gland.
INTRODUCTION
In eukaryotic cells, correct folding of most membrane and secretory proteins requires post-translational modifications such as N-glycosylation and disulfide-bond formation in the ER (endoplasmic reticulum). The folding state of proteins in the ER is recognized by the ER protein quality-control mechanisms, and correctly folded and assembled proteins are transported to the secretory pathway [1, 2] . However, if the proteins in the ER are terminally misfolded, they are translocated into the cytosol and degraded by proteasomes. This process is known as ERAD (ERassociated degradation), and N-linked glycans function as tags for protein quality control in the ER [2] [3] [4] .
When the cellular environment is perturbed, unfolded proteins accumulate in the ER, and cells induce the ER stress response [5] . An ER transmembrane protein, IRE1 (inositol-requiring 1), senses ER stress [6, 7] and splices XBP1 (X-box-binding protein 1) mRNA unconventionally. The spliced XBP1 mRNA is translated into the active form of XBP1 protein [8] [9] [10] . In the ER stress response, the transcription factors ATF6 (activating transcription factor 6) [11] and XBP1 induce ER chaperones, folding enzymes, including PDI (protein disulfide isomerase) (as described below) and some components of ERAD [5, 12, 13] .
Disulfide-bond formation is important for protein folding and assembly and is thought to be catalysed by the PDI family proteins [14] [15] [16] . PDI family proteins possess one or more thioredoxin-like motifs as catalytic domains that usually contain a characteristic CXXC active-site motif in their primary structure [16, 17] . PDI, which is the best documented among the PDI family proteins, is composed of two thioredoxin-like catalytic domains [14, 15] . PDI promotes oxidative folding of secretory proteins by catalysing thiol-disulfide exchange reactions, including disulfide formation, disulfide reduction and disulfide isomerization [18] . Furthermore, it is believed that PDI acts not only as an enzyme, but also as a chaperone, and, in this case, thioredoxin-like motifs play a regulatory role [19] . Although 19 PDI family proteins have been found in mammals [16] , the in vivo investigation of these proteins has not advanced. To date, knockout mice have been generated for only two PDI family proteins, namely ERp57 and AGR2. Loss of ERp57, which is ubiquitously expressed and acts together with the ER lectin chaperones, namely, calnexin and calreticulin, during processing of many glycoproteins in the ER [20, 21] resulted in embryonic lethality [22] . On the other hand, loss of AGR2, which is specifically expressed in intestinal goblet cells, caused a deficiency of intestinal mucin production, although these mice were viable [23] .
We and another group have independently identified another PDI family protein, ERdj5 [also known as JPDI (J-domaincontaining PDI-like protein)], as an ER-resident J-protein carrying thioredoxin-like motifs [24, 25] . ERdj5 has four thioredoxin-like motifs following an N-terminal J-domain that functions as a co-chaperone for the ER-resident Hsp70 (heatshock protein 70) chaperone BiP (immunoglobulin heavy-chainbinding protein) [25] . Some functions of ERdj5 have been reported. Ushioda et al. [26] reported that ERdj5 interacts with EDEM (ER degradation-enhancing α-mannosidase-like protein) [27] and that it functions as a reductase for some glycosylated ERAD substrates that form non-native disulfide bonds. Dong et al. [28] reported that ERdj5 contributes to ERAD of a non-glycosylated substrate co-operating with ERdj4 [29] , another ER-resident J-protein. Additionally, it was reported that overexpresson of ERdj5 causes a conformational change of a viral protein [30] , which is required for viral entry, and that ERdj5 is related to apoptosis in neuroblastoma cells [31, 32] . However, the in vivo role of ERdj5 remains unclear, as is the role of many PDI family proteins. In the present study, we generated ERdj5-knockout mice {the mouse gene of ERdj5 is known as Dnajc10 [DnaJ (Hsp40) homologue, subfamily C, member 10], but ERdj5 will be used throughout this paper} to address this issue and found that the knockout mice exhibited an increase in the ER stress response in their salivary gland compared with control mice. Moreover, expression of exogenous ERdj5 mitigated the ER stress induced by overproduction of α-amylase in ERdj5-knockout cells. Thus the results of the present study suggest that ERdj5 contributes to ER protein quality control in the salivary gland.
EXPERIMENTAL

Plasmids and antibodies
To generate the ERdj5-targeting plasmid pKOV-JPDI-1, the 5 (2.9 kb) and 3 homology arm regions (3.1 kb) were amplified by PCR from mouse genomic DNA using the primer sets 5 -CGGGGTACCTTAGCAACAGGTCCTACAGC-3 and 5 -CCG-CTCGAGGTCTCTATGGGTTCATCACC-3 , and 5 -CCGGAA-TTCACACTGTCCTCTCCCAGAGC-3 and 5 -CGCGGATCC-CAAAAGGATGCCTGAACTGC-3 respectively, and then cloned into pKOV1. Restriction enzyme sites added to the primers are indicated in italics. The mouse ERdj5 expression plasmid pcDNA3.1-mJPDI-HA was generated by cloning cDNA encoding HA (haemagglutinin)-tagged ERdj5 [25] into pcDNA3.1 (Invitrogen). A thioredoxin-motif mutant (ERdj5-SS-HA), in which the cysteine residues of four thioredoxinlike active-site (CXXC) motifs were substituted with serine residues, was generated by PCR-based mutagenesis [33] . The cDNAs of mouse PDI, ERp57 and ERp72 were obtained by RT (reverse transcription)-PCR from NIH 3T3 cells. An HA sequence was inserted into them by PCR at the position just before their C-terminal ER retrieval signal, and they were then cloned into pcDNA3.1. Mouse α-amylase 1 cDNA, amplified by RT-PCR from mouse liver RNA, and human A1AT (α1-antitrypsin) cDNA, a gift from Dr K. Nagata (Institute for Frontier Medical Sciences, Kyoto University, Kyoto, Japan), were cloned into the mammalian expression vector pCAX2 to generate pCAX2-mAmy1 and pCAX2-A1AT respectively. We used the following antibodies in the present study: rabbit anti-α-amylase (Sigma), peroxidase-conjugated anti-rabbit IgG (Promega) and peroxidaseconjugated anti-guinea-pig IgG (Jackson ImmunoResearch). The guineapig anti-mouse ERdj5/JPDI antibody was produced by Medical and Biological Laboratories.
Generation of ERdj5-knockout mice and cells
ERdj5-knockout mice were generated as described previously [34, 35] and were maintained in a mixed (C57BL/6 × 129/SvE) background. To obtain MEFs (mouse embryonic fibroblasts), ERdj5 +/− male and ERdj5 −/− female mice were crossed. The resulting embryos were minced at embryonic day 13.5 and then cultured in DMEM (Dulbecco's modified Eagle's medium; 4.5 g/l glucose) supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin and 10 % (v/v) fetal bovine serum at 37
• C in 5% CO 2 
Southern blot analysis
Genomic DNA prepared from ES (embryonic stem), tail biopsy or embryonic yolk sac cells was digested with EcoRI and separated by electrophoresis on a 1 % (w/v) agarose gel. The DNA was then transferred on to Hybond-N+ membranes (GE Healthcare). Hybridization and membrane washing were performed at 65
• C in Church buffers as described previously [36] . Hybridization signals were detected using the BAS 2500 system (Fujifilm). The DNA fragments indicated as 5 or 3 probe in Figure 1 (A) were labelled with [α- 32 P]dCTP and used as probes.
Sample preparation for SDS/PAGE and Western blot analyses
To obtain mouse saliva samples, 100 μl of pilocarpine solution [40 ng of pilocarpine hydrochloride (Sigma) per ml in PBS] was injected intraperitoneally, and saliva secreted into the oral cavity was collected immediately with a micropipette, as described previously [37, 38] . The saliva samples were centrifuged at 16 200 g for 10 min, and an equal volume of 2 × SDS/PAGE sample buffer containing 50 mM N-ethylmaleimide but lacking DTT (dithiothreitol) was then added to the supernatant. Mouse tissues were lysed using TissueLyser (Qiagen) in SDS/PAGE sample buffer containing 25 mM N-ethylmaleimide, but lacking DTT. For SDS/PAGE under reducing conditions, DTT was added to the samples at 100 mM. Following SDS/PAGE, the proteins were electrotransferred on to a PVDF membrane and were detected using the appropriate antibodies and ECL (enhanced chemiluminescence) Plus (GE Healthcare). Chemiluminescence was analysed using the LAS3000 and Image Gauge version 4.0 software (Fujifilm).
Detection of the ER stress state of mice under physiological conditions by in vivo imaging
The generation of ROSA26 +/ERAI−LUC Stop mice that ubiquitously expressed ERAI (ER stress-activated indicator)-luciferase from the ROSA26 locus is described in Supplementary Figure S1 −/− mice, and the resulting mice were used at 11 weeks of age for in vivo imaging analysis. Following intraperitoneal injection of D-luciferin (4.5 mg), the mice were analysed using the in vivo imaging system IVIS (Xenogen) according to standard protocols.
Histological analysis and observation by transmission electron microscopy
The salivary gland from mice aged 25 weeks was fixed in 10 % formalin and then embedded in paraffin. The paraffin blocks were sliced into 5-μm sections, which were stained with haematoxylin and eosin for general histopathological analysis. For observation by transmission electron microscopy, the salivary gland was minced into 3-mm cubes and fixed with 2.5 % glutaraldehyde in PBS. After washing with phosphate buffer, the tissue cubes were treated for 2 h with 2 % osmium oxide. After dehydration with ethanol, the tissue cubes were treated with propylenoxide and then embedded in Quetol 812 resin (Nissin EM). Ultrathin sections were collected on electron microscopy grids, stained with uranyl-lead, and observed using an H-300 transmission electron microscope (Hitachi High-Technologies).
Quantitative real-time PCR
Total RNA from the salivary gland was prepared using Isogen (Nippon Gene). The RNA from three mice per genotype was used. A SuperScript First-Strand Synthesis System (Invitrogen) was used to synthesize the cDNA according to the manufacturer's protocol. Quantitative real-time PCR was performed using the TaqMan probe and 7900HT (Applied Biosystems) according to the manufacturer's protocol. Total XBP1 transcripts were quantified using the forward primer 5 -GAATGGACACGCTGG-ATCCT-3 , the reverse primer 5 -GCCACCAGCCTTACTCC-ACTC-3 , and a probe 5 -FAM-CCTCTGGAACCTCG-MGB-3 (where FAM is 6-carboxyfluorescein and MGB is minor groove binder). Spliced XBP1 transcripts were quantified using the forward primer 5 -GAATGGACACGCTGGATCCT-3 , the reverse primer 5 -CAGAGTCCATGGGAAGATGTTCT-3 , and the probe 5 -FAM-CACCTGCTGCGGACT-MGB-3 . Primer and probe sets for the following mouse genes were purchased from Applied Biosystems: BiP (Mm00517690_g1), EDEM (Mm00551797_m1), PDI (Mm01243184_m1), ERp57 (Mm00433130_m1) and ERp72 (Mm00437958_m1). The mRNA levels of these genes were normalized with that of GAPDH (glyceraldehyde-3-phosphate dehydrogenase). The assay was performed in triplicate.
Transfection and reporter assay
Immortalized MEFs were seeded on to 12-well plates. After 24 h, plasmids were transfected into the cells using the calcium phosphate/DNA precipitation method. The quantity of plasmids transfected per well were as follows: 0.5 μg of the reporter plasmid, 0.25 μg of the internal standard plasmid, 0.25 μg of the substrate plasmid and 0-1 μg of the effector plasmid, adjusting with the mock vector pCAX2 to a total of 2 μg. The reporter plasmid and the internal standard plasmid were pCAX-HA-2xXBP1 DBD(anATG)-LUC-F [39] and phRL-TK (Promega) respectively. The substrate plasmid was pCAX2-mAmy1 or pCAX2-A1AT. The effecter plasmid was pcDNA3.1-mJPDI-HA, pcDNA3.1-mJPDI-SS-HA, pcDNA3.1-mPDI-HA, pcDNA3.1-mERp57-HA or pcDNA3.1-mERp72-HA. At 15 h after transfection, the medium was changed, and cells were cultured for another 6 h. The cells were then lysed, and the luminescence was measured using the Dual-Luciferase Assay System (Promega) according to the manufacturer's protocol. The assays were performed in triplicate.
RESULTS
Generation of ERdj5-knockout mice and basic examination
Many PDI family proteins have been identified in mammals. However, studies of these proteins at the whole-body level have not been reported, except for ERp57 and AGR2. Although the functions of ERdj5 at the cultured cell level have been reported [26,28,30 -32] , in vivo functions of ERdj5 remain unclear. To address this issue, we attempted to generate ERdj5-knockout (ERdj5 −/− ) mice. The mouse ERdj5 gene is located on chromosome 2, and its length is approx. 39 kb, including 23 exons, of which exons 2-23 comprise the coding region. The ERdj5 gene in ES cells was disrupted by deletion of exon 3 ( Figure 1A ). Following the confirmation of correct targeting by Southern blot analysis using 5 and 3 probes, as indicated in Figure 1 (A), the ES cells were injected into blastocysts of C57BL/6 mice. Germline transmission was confirmed by crossing with C57BL/6 mice, followed by Southern blot analysis. The resulting ERdj5 +/− mice were crossed with each other to obtain ERdj5 −/− mice, and the genotypes were then determined by Southern blot analysis ( Figure 1B) . The absence of endogenous ERdj5 protein in ERdj5 −/− mice was confirmed by Western blot analysis using an anti-ERdj5 antibody. No ERdj5 signal was observed in the liver, kidney, pancreas or spleen ( Figure 1C ) or in the heart, lung, muscle or brain (results not shown) of ERdj5 −/− mice. There were no remarkable abnormalities in the litter size or the genotype ratio of pups ( Figure 1D ), and ERdj5 −/− mice grew normally without any differences compared with ERdj5 +/− mice ( Figure 1E ). Therefore ERdj5 −/− mice were viable. Additionally, both male and female ERdj5 −/− mice were fertile and could breed to produce progeny. Since abnormalities were not observed in the appearance or the growth of ERdj5 −/− mice, we performed a blood biochemical analysis of the mice. As shown in Supplementary ERdj5 is an ER-resident chaperone-like protein, and it has been reported that ERdj5 facilitates degradation of misfolded proteins via ERAD [26] . Therefore we believed that knockout of ERdj5 might cause induction of the ER stress response. To analyse the state of ER stress under physiological conditions at the whole-body level, we used an ERAI system that was based on XBP1 mRNA splicing by an ER stress sensor/transducer, IRE1 [40] . Specifically, we used the improved ERAI-LUC mice (ROSA26 +/ERAI−LUC Stop ) whose reporter was luciferase instead of the Venus protein ( [39] and Supplementary Figure  S1 ). ROSA26 +/ERAI−LUC Stop mice were generated as shown in Supplementary Figure S1 Figure S1C) . By in vivo imaging analysis, the luminescence was expectedly detected in the whole body of ROSA26 +/ERAI−LUC Stop mice under ER-stressed conditions (Supplementary Figure S1D) . Therefore the improved ERAI-LUC mice were useful, similar to the ERAI mice previously reported [40] . Moreover, by using the improved ERAI-LUC mice, we found that the intense luminescence was detected in the neck under physiological conditions and that the luminescence was derived from the salivary gland (Supplementary Figure S1E) . Quantitative real-time PCR analysis revealed that endogenous XBP1 was spliced at a high level in the salivary gland under physiological conditions, and that the splicing level was comparable with that observed in the pancreas or placenta, already known as tissues that were under physiological ERstressed conditions ( [40, 41] (Figure 2A ). Figure 2B ). Furthermore, we determined the mRNA levels of several ER stress-response target genes, namely BiP, EDEM, PDI, ERp57 and ERp72, by quantitative real-time PCR analysis. All of these mRNAs were induced in the salivary gland of ERdj5 −/− mice compared with that of ERdj5 +/+ or ERdj5 +/− mice ( Figure 2C ). These results indicate that the ER stress response in the salivary gland of ERdj5 −/− mice is certainly, but modestly, activated more than that of ERdj5 +/+ or ERdj5 +/− mice. We used ERdj5 +/− mice as control mice in the subsequent analyses because no differences were observed in both the splicing of XBP1 mRNA and the expression of ER stress-response target genes examined in the salivary gland between ERdj5 +/+ and ERdj5 +/− mice. 
Normal morphological properties of the salivary gland of ERdj5
−/− mice Since the salivary glands of ERdj5 −/− mice were under a more ERstressed condition, we examined whether there were histological differences in the salivary glands between ERdj5 −/− and ERdj5
mice. No differences were observed in the appearance of the salivary gland between ERdj5 −/− and ERdj5 +/− mice (results not shown). Haematoxylin and eosin staining of the salivary serous gland showed typical images of densely populated serous cells, without differences between ERdj5 −/− and ERdj5 +/− mice ( Figure 3A , upper panels). No differences were observed in the salivary mucous gland either ( Figure 3A , lower panels). We also observed the ultrastructure of organelles in cells of ERdj5
and ERdj5 +/− mice salivary gland by transmission electron microscopy. The results showed typical images in which extensive ER and many large secretory vesicles were present, without differences between ERdj5 −/− and ERdj5 +/− mice ( Figure 3B ).
Normal production and secretion of salivary amylase in ERdj5
−/− mice As a cause of increased ER stress in the salivary gland of ERdj5 −/− mice, we predicted that the lack of ERdj5 might affect the biosynthesis of ER proteins in the salivary gland, causing a decrease in protein secretion into the saliva. To confirm this prediction, the salivary proteins and salivary gland proteins in ERdj5 −/− and ERdj5 +/− mice were compared by SDS/PAGE, followed by CBB (Coomassie Brilliant Blue) staining. This analysis was performed under both reducing conditions to examine the quantitative differences and non-reducing conditions to examine the qualitative differences resulting from alterations in disulfide bonds. Under the reducing conditions, no remarkable differences in the protein band patterns were found in either salivary proteins or salivary gland proteins between ERdj5
and ERdj5 +/− mice ( Figure 4A , left-hand panel). In addition, no differences were found under non-reducing conditions ( Figure 4A, right-hand panel) .
Next, we focused on α-amylase because it is one of the most abundant proteins in saliva [42] [43] [44] and has five intramolecular disulfide bonds. If α-amylase could not be folded correctly due to the lack of ERdj5, it would be expected that α-amylase would accumulate in the ER of salivary gland and that the secretion of it into saliva would be decreased. Therefore the α-amylase in the salivary gland and saliva of ERdj5 −/− and ERdj5 +/− mice were examined by Western blot analysis using an anti-α-amylase antibody. Unexpectedly, the result of the analysis under reducing conditions showed neither an increase of α-amylase in the salivary gland nor a decrease of α-amylase in the saliva of ERdj5 . These results suggest that salivary α-amylase is normally produced in the salivary gland and secreted into the saliva of ERdj5 −/− mice.
ERdj5 mitigates ER stress caused by overproduction of α-amylase
The ER stress response was activated in the salivary gland under physiological conditions, and the extent of the activation in ERdj5 −/− mice was stronger than that in ERdj5 +/− mice. We predicted that if ER stress in the salivary gland was enhanced due to the lack of ERdj5, expressing ERdj5 should mitigate the ER stress. We already knew that overproduction of α-amylase strongly caused ER stress in cultured cells (A. Hosoda and T. Iwawaki, unpublished work). To confirm that prediction, we examined whether expressing ERdj5 could mitigate the ER stress caused by overproduction of α-amylase. In this assay, α-amylase was expressed together with various amounts of ERdj5-HA in ERdj5 −/− MEFs. As shown in Figure 5 (A), ERdj5-HA mitigated the ER stress dose-dependently. On the other hand, the thioredoxin-motif mutant ERdj5-SS-HA could not mitigate the ER stress caused by overproduction of α-amylase ( Figure 5A ). These results suggest that ERdj5 has a function in the mitigation of ER stress caused by overproduction of α-amylase, and that the intact thioredoxin-like motifs of ERdj5 are required for this function.
We next performed a similar assay, substituting α-amylase with another secretory protein, A1AT, that does not form disulfide bonds [45] . ER stress was also caused by overproduction of A1AT, but the effect was weaker than that of α-amylase. ERdj5 could not mitigate the ER stress caused by overproduction of A1AT ( Figure 5A ). Thus it seems that ERdj5 expression is not effective in mitigating ER stress caused by overproduction of all protein types that induce ER stress. In addition, we confirmed that ER stress was not caused when ERdj5 was expressed alone in MEFs ( Figure 5A ).
We could demonstrate that ERdj5 mitigates the ER stress caused by overproduction of α-amylase in ERdj5 −/− MEFs. However, no abnormality was observed in either production or secretion of α-amylase in the salivary gland of ERdj5 −/− mice ( Figure 4B ). To explain this, we theorized that other PDI family proteins might support the folding of α-amylase because several PDI family proteins are induced by ER stress. Therefore we examined whether other PDI family proteins mitigate ER stress caused by overproduction of α-amylase. We selected PDI, ERp57 and ERp72 because they are abundant proteins in the ER and are ubiquitously expressed and induced by ER stress [21, 46] . In this assay, we used ERdj5 +/− MEFs instead of knockout MEFs because we had the following concern: in ERdj5 −/− MEFs, PDI family proteins may be induced via the ER stress response caused by the lack of ERdj5. Thus we thought that the effect of each PDI family protein expressed exogenously was able to be examined under non-ER-stressed conditions by using ERdj5 +/− MEFs. Similar to ERdj5, all of the PDI, ERp57 and ERp72 proteins mitigated ER stress caused by overproduction of α-amylase dose-dependently ( Figure 5B ). Thus it is strongly suggested that ERdj5, PDI, ERp57 and ERp72 have a redundant function in the mitigation of ER stress caused by overproduction of α-amylase. It is possible that ERdj5, PDI, ERp57 and ERp72 might all mitigate ER stress caused by overproduction of α-amylase by the same mechanism.
DISCUSSION
The functions of ERdj5 at the whole-body level are still unclear. To examine the function of ERdj5 in vivo, we generated ERdj5-knockout (ERdj5 −/− ) mice and analysed them. Although ERdj5 −/− mice were viable and healthy ( Figure 1 and Supplementary Table  S1 ), we found that the ER stress response is more activated in the salivary gland of ERdj5 −/− mice compared with ERdj5 +/− mice under physiological conditions (Figure 2 ). The effect of ERdj5 knockout was observed only in the salivary gland and not in other organs. The salivary gland is a tissue that secretes a large number of proteins. The ER stress response is also activated in the salivary gland ( Supplementary Figures S1E and S2 ). In such salivary glands, deletion of ERdj5, a chaperone-like protein, should lead to defects of folding capacity in the ER. Therefore it is reasonable to expect that the ER stress response was more activated in the salivary gland of ERdj5 −/− mice. The pancreas is also a tissue that secretes a large number of proteins (e.g. digestive enzymes and insulin) and in which the ER stress response is activated ( [40] and Supplementary Figure S2) . However, the effect of ERdj5 knockout was not observed in the pancreas. The ER stress response is also activated in plasma cells in which antibodies are produced at a high level [47] . However, no differences were observed in the antibody levels in sera even after lipopolysaccharide stimulation between ERdj5 −/− and ERdj5 +/− mice (results not shown). Therefore it is possible that ERdj5 has an important function specific to ER protein quality control in the salivary gland.
Based on the increase in ER stress in the salivary gland of ERdj5 −/− mice, we focused on α-amylase because it is one of the most abundant proteins in saliva and has five intramolecular disulfide bonds. At the cultured cell level, we demonstrated that overproduction of α-amylase strongly caused ER stress and that ERdj5 mitigated the ER stress ( Figure 5A ). However, no abnormality was observed in either production or secretion of α-amylase in the salivary gland of ERdj5 −/− mice ( Figure 4B ). What would cause this contradiction? Other PDI family proteins, namely PDI, ERp57 and ERp72, were induced in the salivary gland of ERdj5 −/− mice ( Figure 2C) , and mitigated the ER stress caused by α-amylase overproduction ( Figure 5B ). The folding of α-amylase may therefore be carried out by ER proteins induced by an ER stress response that is enhanced due to the lack of ERdj5 in the salivary gland of ERdj5 −/− mice. Thus it is suggested that other ER proteins (probably PDI family proteins) and ERdj5 have a redundant function in ER protein quality control in the salivary gland.
Regarding the mitigation of ER stress by ERdj5 expression in MEFs, the ER stress due to α-amylase overproduction remained even when ERdj5 was expressed at a high level ( Figure 5) . One of the reasons for this may be that the effect of α-amylase overproduction is simply stronger than the effect of ER stress mitigation by ERdj5. Another reason may be that the environment in the ER of MEFs is different from that of the salivary gland. For example, expression of ER chaperones that are suitable for the production of α-amylase may not be sufficient in MEFs. In the latter case, a comparative analysis of the expression of ER chaperones between MEFs and salivary gland may yield new knowledge about α-amylase production. ERdj5 has a J-domain that acts as a co-chaperone for BiP. It is known that several ER chaperones including BiP and PDI form a complex to probably work together co-operatively in protein folding [48] . Therefore we think that ERdj5 may co-operate with other ER chaperones in the production of α-amylase. In the future, we would like to attempt to identify such ER chaperones.
How does ERdj5 function in the salivary gland? ERdj5 possesses thioredoxin-like motifs. Wild-type ERdj5 could mitigate the ER stress caused by overproduction of α-amylase that forms disulfide bonds, but the thioredoxin motif mutant of ERdj5 could not do that. ERdj5 could not mitigate the ER stress caused by overproduction of A1AT, which does not form disulfide bonds. Considering these lines of evidence, ERdj5 probably has a function involving, at least, the disulfide bonds of proteins. A recent report has shown that ERdj5 acts as a reductase in ERAD [26] . In that report [26] , the ERAD substrates were detected in ERdj5 knocked-down cells as a dimer or HMW (high-molecularmass) complex, which resulted from the non-native disulfide-bond formation. If ERdj5 functions as a reductase for α-amylase, an extra dimer or HMW complex of α-amylase may be detected due to the lack of ERdj5. However, in our Western blot analysis under non-reducing conditions, both α-amylase in the salivary gland and α-amylase overproduced in MEFs were detected as a single monomer band without an extra dimer band or HMW complex ( Figure 4B and results not shown). Therefore it is possible that, for at least α-amylase, ERdj5 may not function as a reductase.
Many PDI family proteins have been found in mammals. Nevertheless, analysis at the whole-body level of these proteins has not advanced significantly until now. Elucidation of roles in vivo and identification of endogenous substrates of each of the PDI family proteins are thought to be difficult because of redundancy between PDI family proteins. Fortunately, we found in the present study that ERdj5 is necessary for the maintenance of homoeostasis in the ER of salivary gland cells and that it mitigates ER stress caused by α-amylase overproduction in MEFs. However, it is still unclear what is occurring in the salivary gland of ERdj5 −/− mice. It is also unclear whether ER stress is caused by misfolding of α-amylase overproduced in MEFs or whether the ER stress is caused secondarily due to perturbation of the ER environment caused by α-amylase overproduction. We plan further studies to elucidate the mechanism by which the lack of ERdj5 causes ER stress. [5] and int+pA indicates the intron and polyadenylation signal of SV40. The size of DNA fragments resulting from EcoRV digestion in each mouse is shown. (B) Southern blot analysis for genotyping of each mouse. Genomic DNA from each mouse was digested by EcoRV and subjected to Southern blot analysis using the probe indicated in (A). The pattern of each genotype is shown. (C) Northern blot analysis for detection of ERAI-LUC expression in tissues indicated. A DNA fragment encoding luciferase was used as a probe. Ethidium bromide staining shows the RNA loading control (lower panel). ERAI-LUC was expressed only in tissues of the ERAI-LUC Stop mouse, according to the design. (D) In vivo imaging analysis of the whole body. After intraperitoneal injection of tunicamycin ( + Tun) or none (− Tun), D-luciferin was injected intraperitoneally, and the mice were then analysed using an in vivo imaging system (IVIS). No luminescent signal was detected in ERAI-LUC Neo mice under both physiological (− Tun) and ER-stressed ( + Tun) conditions. In ERAI-LUC Stop mice, a luminescent signal was detected in the neck under physiological (− Tun) conditions, whereas luminescent signals were detected in the whole body under ER-stressed ( + Tun) conditions. These results indicated that the improved ERAI-LUC mice were useful, similar to the ERAI mice previously reported [6] . (E) In vivo imaging analysis of the neck under physiological conditions. Enlarged photographs show part of the head and chest, including the salivary gland. The two photographic panels at the right-hand side show the mice after removal of skin and hair. The photographs are visible light images superimposed on an optical CCD (charge-coupled device) bioluminescence image with a scale of photons/s per cm 2 per steradian (sr) (D and E). Photographs show that a luminescent signal was detected in the salivary gland of an ERAI-LUC Stop mouse. The relative ratio of spliced XBP1 mRNA levels to the total XBP1 mRNA level in the tissues and organs indicated is shown. At 16 h after intraperitoneal injection of tunicamycin (500 ng per g of body weight), the liver total RNA was prepared and used as a positive control for the ER-stressed condition ( + Tun). XBP1 mRNA was significantly spliced in the placenta, pancreas and salivary gland. This result strongly suggests that the placenta, pancreas and salivary gland are under physiological ER-stressed conditions. E, embryonic day.
